Nanoporous silicon (NPSi) has drawn recent interest because of its potential in a range of applications such as battery anodes, photocatalysis, thermoelectrics, and filtration membranes. However, the inexpensive and scalable manufacturing of high aspect ratio porous structures on the nanometer scale has been difficult due to the reliance of current methods on complex and expensive equipment used for techniques such as anodization or photolithography. Here, we report a method of producing NPSi with sub-10 nm pore sizes and aspect ratios as high as 400 : 1 by leveraging the nucleation of sputtered noble metals on the Si surface, followed by metal-assisted chemical etching (MACE). The technique is capable of producing NPSi in an intrinsically scalable manner. Samples are characterized with SEM and TEM, along with vertical and horizontal FIB cross-sectional milling to elucidate the porous structure at several mm of depth within the substrate. Following preparation of the NPSi, it is functionalized with Al 2 O 3 and TiO 2 via atomic layer deposition (ALD). TiO 2 -functionalized NPSi exhibits reflectivity of 6-8% for visible wavelengths, and 2-3% in the infrared -showing its promise as a robust and functional porous substrate. The developed approach of employing MACE with sputtered nucleated catalysts facilitates the scalable fabrication of functional ultra-high aspect-ratio nanopores in silicon.
Introduction
Nanoporous silicon (NPSi) has been a material of interest for decades, owing to its diverse range of potential applications. Since the rst report on the material by Uhlir 1 in 1956 NPSi fabrication techniques have demonstrated continuous advancement with regard to their ability to produce smaller pore sizes and higher pore aspect ratios. NPSi with precise pore morphology control shows promise as a versatile material due to its demonstrated potential application in optoelectronics, 2 
sensors,
3,4 biological applications, 5 exible electronics 6 and photovoltaics, [7] [8] [9] [10] [11] where thin NPSi membranes are attractive for applications in nanoltration 12, 13 and thermoelectrics.
14-17
Despite this potential, current methods of fabricating NPSi with large-area, monodisperse pore coverage are limited. Deep reactive ion etching and other dry etching techniques, commonly used for micro-and nanopore fabrication, are not well-suited for mass production. 18 In addition, the highest aspect ratios reported with these techniques is approximately 125 : 1 for 35 nm wide trenches. 19 In general, photolithography 20 and electron-beam lithography 21 have limited capabilities to generate sub-10 nm pores over a large area. Therefore, especially for larger scale applications such as catalysis or ltration, a simple and scalable strategy is needed.
Metal-assisted chemical etching (MACE) has been widely explored as a method to efficiently etch silicon to produce complex extruded 3D structures such as X-ray diffraction gratings 22 with high precision on the sub-micron scale. The technique was utilized by Chang et al. in combination with blockcopolymer lithography to form regular arrays of nanowires with aspect ratios of up to 220 : 1, 23 as well as extensively in other work to show controllable extrusion of nanowires and nanostructures in silicon.
24-27
The MACE process begins with deposition of noble-metal catalysts 28 on the silicon surface, followed by introduction to an acidic oxidizing solution of hydrouoric acid (HF) and hydrogen peroxide (H 2 O 2 ). The reduction of H 2 O 2 is catalyzed by the noble metal, which in turn locally injects holes (h + ) into the silicon. [29] [30] [31] [32] This oxidizes the silicon, locally producing SiO 2 , which is subsequently dissolved by the HF present in the solution. The reaction scheme results in the continuous etching of the noble metal along preferred crystalline orientations, creating positive features that very closely match the shape of the patterned catalyst.
33
NPSi can be generated via MACE by depositing noble metal nanoparticles on silicon to act as catalysts, 34 where the etching rate is primarily limited by the diffusion of reactants and products to and from the noble metal at the pore bottom.
surface area is proportional to etch rate and direction. 36 The etching directionality of MACE is dependent on h + injection at the catalyst-silicon interface. 37 Therefore, particles are prone to etch in unwanted directions if their largest facet is not perpendicular to the desired etch direction. Our recent work has demonstrated pore aspect ratios of over 100 : 1 using MACE with silica-coated gold nanoparticles, achieving sub-10 nm pore sizes with consistent, directional etching and a narrow size distribution over many square micrometers of substrate.
38
However, this requires a relatively complex synthesis procedure, and would require uniform particles along with a sensitive monolayer deposition technique.
We demonstrate here a scalable method for the deposition of sub-5 nm noble metal nanoislands on the surface of Si, which subsequently yield ultra-high aspect ratio nanopores via the MACE process. The technique employs the DC magnetron sputtering of nominal gold and silver thin lms (sub-1 nm thickness) under standard deposition conditions, which nucleate as Volmer-Weber island structures due to their low surface energies. These island structures have been studied extensively to elucidate lm formation mechanics in magnetron sputtering.
39, 40 The method has been previously employed by Chung et al., where the lm formation process is halted prior to full lm coverage to investigate the plasmonic absorbance of Ag nanoislands pre-and post-annealing. 41 In this work, we utilize a similar approach for the scalable deposition of sub-5 nm islands with 5-15 nm inter-particle spacing (refer to ESI † for nano-island spacing histograms). The use of magnetron sputtering also facilitates the deposition of island structures with planar catalyst-Si interfaces, which allows for more directional hole injection and subsequently a highly anisotropic etch. The approach developed here results in a fast, scalable method of producing nanoporous silicon with sub-10 nm pore size, extremely directional etching and aspect ratios as high as 400 : 1.
In addition to the capability of fabricating sub-10 nm ultrahigh aspect ratio pores in Si, the possibility of creating functional porous substrates via the conformal deposition of catalytic materials is explored here through the atomic layer deposition (ALD) of titanium dioxide (TiO 2 ) -a popular photocatalyst that has been investigated extensively as a substrate for self-cleaning surfaces, water treatment, and hydrogen production. [42] [43] [44] The ability of ALD to deposit conformal layers with sub-nanometer resolution 45 can be further leveraged for the fabrication of a wide array of functional devices.
44,46,47

Experimental
(100) silicon wafers (B-doped, thickness: 275 AE 25 mm, resistivity: 0.001-0.01 U cm) were solvent cleaned using a standard acetone-IPA-DI water rinse. Dried wafers were sputtered with AJA ATC 2200 UHV Sputter Coater under pre-deposition pressure of 5-10 Â 10 À8 Pa, 
Results and discussion
Deposition of nucleated noble metal islands for MACE is demonstrated here to be a promising strategy to produce porous silicon with sub-10 nm pore sizes. This method is both high-throughput and scalable, and demonstrates the versatility of the MACE technique to catalyze pore formation in a novel size-regime. While nanoparticles have previously been proposed as a solution to obtaining monodisperse pore size and spacing, they can exhibit inconsistency in their deposition and etching directionality. 48 In addition, achieving highly ordered arrays of homogeneously spaced catalysts over large areas necessitates the use of ligands and very monodisperse particles, and requires precise control over chemistry and monolayer formation. 49 The developed method of sputtering MACE catalysts removes this dependency on parameter-sensitive wet chemical processes and brings a simplied and established method of metal deposition, resulting in a simple two-step MACE synthesis process. The established approach is demonstrated in this work to be effective for the production of NPSi exhibiting morphological nanoscale homogeneity over many square centimeters, with no intrinsic limitations on the further scaling of the technique.
The process of sputtering nominally thin-lms of metal causes the nucleation of homogeneously spaced and sized islands. 50 The size and morphology of islands is inuenced by surface defects on the substrate 51 and the interfacial energies of the metals with Si, 52 where the metal surface energies (g) are g Ag ¼ 1.246-1.250 J m À2 , and g Au ¼ 1.500-1.506 J m À2 . 53 Due to their wetting behavior on the native oxide surface, Au and Ag lms nucleate as isolated islands instead of a continuous lm. SEM and TEM images of nucleated islands resulting from sputtering 3Å of Au and Ag are shown in Fig. 1 , along with corresponding histograms of island size. Observed diameters of nucleated islands are 4.4 AE 0.9 nm for Ag (images in Fig. 1a-c ) and 2.0 AE 0.9 nm for Au (Fig. 1d-f) . The SEM images demonstrate the large-area coverage of the Au and Ag islands over the silicon substrate. This island formation is homogeneous over the entire sputtered and etched region of the silicon wafer. TEM images show the Volmer-Weber lm nuclei. The advantages to this method over using conventional nanoparticle deposition or in situ nanoparticle growth are superior substrate-metal interface contact area, smaller particle size, narrower particle size distribution, and uniform catalyst spacing over large areas.
Following sputter deposition, the wafer is placed in the MACE etchant solution. Etching of silicon is enabled by localized silicon oxidation, facilitated via catalytic reduction of H 2 O 2 on noble metal nanoparticles. This is followed by etching of SiO 2 by HF, allowing the metal nanoislands to continue etching normal to the Si surface. Aer etching, the nanopores of the NPSi are lled with Al 2 O 3 via ALD to enhance imaging contrast and to preserve the porous morphology prior to characterization.
Characterization of pore sizes via image analysis, especially aer Au-catalyzed MACE, is difficult due to the texturing of the Si surface during etching, a phenomenon possibly initiated by the formation and etching of Au-silicides in near proximity to the substrate surface. Diffusion of Au into Si has been noted at room temperature for Si treated with HF. 54 This has the potential to cause Au-silicide formation and further unwanted etching of the surface. Similar effects have been reported with Ag catalysts, with particular reference to the formation of a mesoporous Si layer around etching sites. 55 Though the aforementioned surface degradation makes direct pore size measurement difficult, the size of the metal catalysts fabricated for MACE should closely match the etched feature sizes, as shown in previous work evaluating the quality and precision of MACE.
56
A further degree of control over nanoisland size could be employed via silicon surface treatment prior to catalyst nucleation. Removal of native oxide with HF prior to noble metal deposition increases wettability of the lms. This in turn is expected to cause a lower metal island contact angle, but also higher likelihood of silicide formation.
The effect of contact angle on etching characteristics can be elucidated by comparing the etching behavior of Au and Ag metal islands, which exhibit different wetting behavior. With its lower surface energy, Ag has a higher contact angle with Si than does Au, thus forming more pronounced nanoislands, as seen in SEM (Fig. 1a and d) . This, in turn, leads to more lateral etching on the surface prior to etching in the h100i directionwhich is observed as linear tracks surrounding pores in Ag (Fig. 2c ) when compared to Au, which has a lower contact angle (Fig. 2b) .
To verify the presence of nanopores and examine the morphology within the bulk of the sample following etching, TEM images of horizontal cross-sections of NPSi and a control Si sample prepared via FIB at a depth of 4 mm are compared. The resulting images demonstrate the presence of pores at depths beyond 4 mm into the substrate for the sample etched with sputtered Au, as visible in Fig. 3b . The ability to extract a 100 nm lamella at a 4 mm depth while maintaining the porous morphology also demonstrates the structural stability of the porous structure. In addition to the deposition of Al 2 O 3 , ALD is utilized here for the conformal coating of the NPSi pore walls with TiO 2 . This process yields a porous, high surface-area functional substrate, while its porosity results in antireective properties. Nanostructured TiO 2 has been explored for applications owing to its anti-reective and self-cleaning properties.
57-59 Fig. 2f shows reectivity measurement TiO 2 -functionalized NPSi, demonstrating reectance values between 2% and 8% over the UV-visible and short-IR wavelengths for both Au-and Ag-etched Si. While not achieving reectances as low as those demonstrated for MACE-processed NPSi by Branz et al., which possessed 1-5% reectance in the visible range, 60, 61 the NPSi produced here demonstrates promise due to its smaller pore size, and higher aspect-ratio. With these metrics, higher pore densities can be achieved, which correlate to higher functional surface area. Thus, we demonstrate NPSi functionalized with a deposited nanometer-thick layer of TiO 2 , with the potential of being a material with competitive light absorption and conversion properties. Coating of nanoscale, ultra-high aspect ratio pores of over 1000 : 1 has previously been demonstrated for anodized aluminum oxide (AAO). 62 An SEM image of a FIB milled crosssection (Fig. 4a) and associated EDS analysis (Fig. 4b) conrms conformal TiO 2 deposition into high aspect ratio pores to depths of roughly 1 mm below the substrate surface. Ti and O are both present above the dotted line (700 nm, EDS point 1) (Fig. 4b) . The pores shown in Fig. 4a are fully lled with TiO 2 for characterization, but can also be partially lled to maintain the nanoporous structure of the substrate. EDS point 2, at 1300 nm, shows no Ti presence. C and Ga are present due to the substrate and surface contamination and ion implantation, respectively. The lack of a Ti signal indicates the absence of the porous regime. The coated NPSi surface was characterized via XPS to conrm the composition of the ALD coating. 
Conclusions
In this work, a MACE process which utilizes sputtered nucleated noble metal nanoislands as catalysts for etching has been introduced. By leveraging interfacial effects and the nature of lm formation, sub-5 nm noble metal islands are nucleated on silicon uniformly over multiple square centimeters. The developed technique is advantageous when compared to other MACE schemes such as nanoparticle deposition and patterned features due to the islands' narrow size distribution and planar interface with the Si, reducing the occurrence of unwanted etching effects resulting from nanoparticle facets and substrate contact surface area. These islands are shown to etch pores with aspect ratios as high as 400 : 1 for both Au and Ag catalysts. The resulting highly porous substrates are then coated with a functional layer of TiO 2 via ALD to demonstrate the potential functionality of NPSi. This work introduces a scalable, consistent method of achieving ultra-high aspect ratio sub-10 nm pores, providing a novel platform for a wide range of possible applications. A and B) . The Si peak is cut off due to a strong signal from the underlying substrate.
